SUMMARY
In this work we present a method for ultra-fine patterning of primary culture neuron cell growth, which is compatible for scanning near-field optical atomic force microscopy (SNOAM) analysis. SNOAM uses near field optics to break the fundamental diffraction limit imposed on normal microscopy. SNOAM can achieve sub-100nm optical resolutions, but requires transparent, open substrates. The ability to do physiological measurements on patterns of neurons, combined with ultra high resolution optical and fluorescent analysis is useful to the study of long term potentiation. The patterning method consists of chemical guidance with an element of physical confinement and allows for ultra fine patterning of neural growth on transparent glass substrates. Substrates consist of microfabricated perfluoropolymer barrier structures on glass. Poly-l-lysine was selectively deposited using a silicone based microfluidic stencil aligned to the perfluoropolymer/glass substrate. Primary culture neurons were extracted from 8 day old chicks and grown for 3 days to form good networks. This patterning system shows very specific growth with patterning separations down to the level of individual neurites. Fluorescent imaging was carried out on both cell viability during growth and immuno-tagged microtubule associated proteins on the neurites.
Neurons inside the patterned structures were imaged and analyzed with a tapping mode SNOAM.
Long term potentiation (LTP) of synaptic transmission in the hippocampus is the primary experimental model for investigating the synaptic basis of learning and memory in vertebrates 1 . LTP is believed to be linked to the glutamate cycle 2 and activation of amino acid receptors such as the N-methyl-D-aspartate receptor complex 3 . Studies in this area have involved electrophysiological study with patch clamping techniques and high-resolution fluorescence imaging with confocal microscopy. In our research we aim to improve this method with the introduction of two techniques; Patterning of neurons to the level of individual synapses and super high resolution Near-field optical microscopy 4, 5, 6 Confocal microscopy is a major improvement over traditional focal microscopy techniques, but it is still limited by the diffraction limit of light in the lateral plane and by out of focus light in the vertical plane. Scanning near-field optical atomic-force microscopy (SNOAM, also known as NSOM and SNOM) breaks through the diffraction limit by using near-field optics. In SNOAM, a bent optical fiber with a sub-wavelength aperture at the tip is brought to within a few nanometers of the sample. The evanescent field around the tip aperture interacts with the sample to cause optical scattering or fluorescence stimulation. The sample is then scanned to build up an image. Optical resolutions between 50-100nm and topographical resolutions of a few hundreds of nanometers are presently possible, but this will improve as the technology matures.
The patterned growth of in vitro neurons is a key feature in the development of both fundamental and applied research in the neuroscience field. Moreover patterning of neurons, whereby individual neurites are guided, will allow for better studies of neuron connectivity, synapse formation and studies into long term potentiation (LTP).
Neuron guidance can be carried out through physical, chemical or electrical cues 7, 8 . .
MATERIALS AND METHODS
The experimental method involves the fabrication of the patterned glass/perfluoropolymer growth substrates and the silicone elastomer micro stencils, as can been seen in Fig. 1(a, b) . Final preparation of the growth substrate is achieved by alignment and patterning of the adhesion molecules to the substrate using the stencil, as can been seen in Fig. 1(c) . Finally the experimental protocols for cell growth and imaging are explained.
Perfluoropolymer pattern fabrication
Topographic patterns for neural guidance were fabricated using Cytop (Asahi Glass Co.) CTL-809M type amorphous perfluoropolymer, by photolithographic methods. The neuron path is made by etching the Cytop to give micrometer size trenches on a glass substrate 14 . Cytop displays highly hydrophobic properties and acts as a barrier to neuron growth.
The fabrication process is illustrated in Fig. 1 
PDMS stencil fabrication
The microfluidic stencil for patterning of chemicals and cell adhesion molecules are fabricated using polydimethylsiloxane, PDMS, elastomer (Sylgard RTV-184 supplied by Dow Corning Corp.). The stencil fabrication is illustrated in Fig. 1 (b) . A lift-off molding technique is employed using innovative three-dimensional multi- The PDMS polymer is mixed with hardener at 10:1 and degassed before molding. To insure that the inlet pores are completely pierced, the micro-mould is clamped to a poly-acrylic plate with a hole for injection of the PDMS. After injection, the whole system is cured for one hour at 60˚C.
The microfluidic samples are peeled off and aligned the glass/Cytop substrates.
This system permitted multiple reuse of the SU-8 micro mold. To aid in the insertion of liquid into the microfluidic channels the interior surfaces need to be rendered hydrophilic before use. The channels can be rendered selectively hydrophilic through one minute of O 2 plasma treatment in a parallel plate RIE system.
Alignment and deposition of the poly-l-lysine
The final stage in the substrate preparation is illustrated in Fig. 1 
Recycling
Cytop is inert to most chemicals, so samples can be recycled for re-use. The recycling involves washing thoroughly in water, followed by dipping in 5% (v/v) bleach (Domestos) solution for about 5 -10 minutes to remove the biological material. Further washing in soapy water, followed by thorough washing in milliQ (18.2 MW ) water is then necessary so that no salt deposits occur on drying. The clean sample is annealed in a dry oven at 120˚C for 1 hour to increase its hydrophobicity.
The PDMS stencil is then re-aligned, as for the process above, and the poly-l-lysine is re-applied.
Microfluidic patterning of adhesive proteins
Poly-l-lysine is deposited by immersing the stencil masked glass/Cytop substrate in 2.5mg/ml solution for 4 hours. The PDMS stencil masks the Cytop structures, thus the poly-l-lysine is deposited only in the glass channels. After 4 hours the sample is washed in distilled water and sterilized under UV in a clean bench for 30-minutes. The substrates are then put in petri dishes and filled with medium 30-minutes prior to cell extraction.
Dissociation and cell culture
The neurons in this research are extracted from the frontal hemispheres of chick 
RESULTS
Cell patterning was very successful with capabilities of patterning down to the level of individual neurites. Over large areas patterning was specific with only occasional cases of non-guided growth.
Tests were done to see the effect of poly-l-lysine on the Cytop/glass patterns without using the stencil. When substrates were dipped for long periods of time, the growth was non-specific. If the samples were dipped in the poly-lysine for 2-3 minutes there would be preferential growth in the glass channels, but still some nonspecific growth on the Cytop. Very short or no poly-l-lysine deposition times led to no growth. This indicates that poly-l-lysine adheres to the glass faster than to the Cytop.
In our experiments cells formed optimum networks at 72 hours of cultivation on This can been seen in the floating clumps in Fig. 4 (a) Gentle washing for a long period with new medium can remove these floating cells, but it is generally better to only replace half the medium every 3 days. Cell viability studies with FDA showed that cells inside the channels were functioning normally, as can be seen in Fig. 4 (c).
Floating cells also fluoresced somewhat indicating that their membranes were intact.
Fixation and washing for antibody tagging and fluorescent imaging usually removes these floating cells and imaging is not a problem. There is a tendency for axons and dendrites extending from the neurons to grow along the Cytop walls, especially in the wider channels. This makes imaging of the neurite outgrowths difficult using normal contrast microscopy. The diffraction shadow around the wall obscures imaging of the neurites when using contrast optics.
Optical and surface properties of the Cytop pattern
However, fluorescence optics is, not affected in the same way as transmission optics. . Thus, using Anti-tau antibodies it is possible to tag neurite outgrowths, which are sometimes hidden due to the diffraction effects around the Cytop walls. In Fig. 5 a comparison between differential interference contrast and fluorescent images of the tau proteins on the neurons can be seen. In Fig.   5 (a) the neurites extending from the soma can be difficult to make out, especially when they are along the walls. The fluorescence image in Fig. 5(b) clearly shows the whole neuron network.
SNOAM imaging
One of the aims of this research is to allow for the possibility of SPM imaging of the patterned neurons. SPM techniques such as SNOAM offer information not possible with optical techniques alone but also do so at very high resolutions. The limitation with SNOAM and other scanning probe microscopies is that they are surface techniques and depend on scanning a probe across a surface. Thus rough samples can create blind spots and artefacts.
Channel depth will affect topographic patterning of the neurons. The deeper the channels, the harder it is of neurons to expand physically out of them and present a greater barrier for neuron growth. Deep channels however make it difficult for SNOAM imaging. SNOM's based on shear force mode require very flat samples and deep trenches would be very difficult to image. Tapping mode SNOAM can image deep channels and are limited largely by the aspect ratio of the probe and the scan conditions. Compared to AFM, the aspect ratio is poor. This results from the need for high optical throughputs. Low aspect ratio probes can provide higher optical throughput and thus a better signal to noise ratio and optical resolution. High aspect ratio probes conversely provide better topographic resolutions on rough samples, but worse optical clarity. Thus the SNOAM probe aspect ratio is a compromise between optical signal and the aspect ratio requirements.
It is possible to image channel walls with angles up to 60 O to the horizontal base with SNOAM probes. Walls steeper than this will have a blind area to the probe. The exact angle possible is dependent also on the feedback conditions. Scans need to be slow enough, and a sufficient feedback loop put in place for the probe to respond accurately to the changing height. In general scan speeds of 7.2_m/s were sufficient for good imaging. Increasing the sample probe distance can also improve the topographic signal, but this worsens the optical signal. On the steeper parts of the walls, the optical scattering increases and the optical transmission signal becomes dark. This can be used to correlate the topographic image to understand the real wall angle. Fluorescent imaging is only affected by the distance of the probe to the sample and is imaged normally.
On flat samples such as in Fig. 6 neurons can be imaged normally. The height of the neuron soma is 700-800nm, but the neuron topology is not so steep. Thus in this case the imaging limitations are purely to do with the tip size. For SNOAM probes, this is between 300-500nm depending on the probe. In deeper channels such as the 3.8_m channel in Fig. 7 there will be a blind spot to the SNOAM probe. For a 60 O imaging capability as described above, a 1_m channel will have a horizontal blindspot of 0.6_m from its base. Likewise the 3.8_m deep channel in Fig. 7 has a blind spot of 2.2_m. However, dendrites are usually of width 0.5-1_m and of height 0.2-0.4_m, so it is still possible to image the neurites that grow against the walls, if the wall height is low enough. Generally, the smaller the wall, the better for the SNOAM imaging, but this needs to be balanced with the need for topographic confinement. In general, walls of about 1_m tend to be the best compromise between the two. Despite these problems imaging of neurons has been successful in both deep and narrow channels. It even been possible to image a growth cone extending vertically from a 5_m deep channel in Fig. 8 .
The dimensions of the neuron soma in the channels vary according to the channel width. Neuron nuclei are in general 10-20_m in widths. In flat areas such as in Fig. 6 , or wide channels such as in Fig. 7 , the neuron widths are around 10_m. In Initial immuno-fluorescence tagging of NMDA receptors was carried out to show the possibilities of using this system for LTP studies. The cells in this study are not specifically hippocampal neurons, but nevertheless express some NMDA receptors, which can be imaged with immuno fluorescenct tagging.
In Fig. 10 , a cell can be seen with a neurite growing along the Cytop wall. The wall side had been exposed to Poly-l-lysine, so growth in this direction was possible.
In this case the aspect ratio of the wall was reduced to much less than 90 O due to repeated heating during the recycling process. What can be seen is that even neurites along the wall can be imaged with this technique due to the size of neurite relative to the wall. Fluorescence imaging shows fluorescence around the main cell soma and around a suspected synaptic area. The dendrite shows residual fluorescence, but this is much less than that shown in this area.
DISCUSSION
In this paper we have presented a system of patterning primary culture neurons that can guide and isolate individual neurite growth. In addition we have proved that it is possible to do SPM imaging in our 3 dimensional surface structures. This method is compatible with other cell lines such as PC12 8 and SH-SY5Y The addition of not only SPM analysis, but also perhaps SPM manipulation will provide the basis for future experiments in this area. Using apertured SNOAM probes in conjunction with, for example, caged molecules could provide a method for ultra localized delivery of biochemicals. The physical localized forces from probe tips can also be used for manipulations involving pressure and cutting.
Patterning has been shown to be successful with Poly-L-lysine. In some cases neuroscientists prefer not to use poly-l-lysine due to the effect of the positively charged amide groups on the neuron physiology and function. This is not a problem in our system since it is also possible to put collagen or other growth matrixes through Fig. 1 . Fabrication of the Cytop/poly-l-lysine structures on glass substrates. Initially Cytop structures are made on the glass substrate. Then a PDMS stencil is made using an SU-8 molding process. Finally the PDMS stencil is aligned to the glass/Cytop substrate and a poly-lysine coat is formed through immersion in poly-lysine solution Fig. 2 . Alignment of the PDMS to the Cytop strips. In this case a 50micron wide channel PDMS microfluidic system was aligned to a 50_m wide lined Cytop/glass pattern. With normal optical microscopes, an alignment precision of 1 or 2_m is possible. Scale bar is 200_m Fig. 3 . The scanning near-field optical atomic force microscope. Samples are scanned underneath a vibrating apertured probe to build up simultaneous topographic and near-field optical images. Atomic force feedback keeps the probe several nanometres from the surface and the dipole-dipole interaction between the evanescent field at the probe tip and the sample gives diffraction beating optical resolutions. Channel depth is 4.5_m. In this case a growth cone is pushing up vertically from the cell and has stopped when it reached the Cytop surface layer. This vertical neurite is responsible for the distortion in the channel profile in the top image. In the bottom image the neuron height is 2.8_m as a result of compression between the walls. Fig. 9 . Neurons inside a 10_m channel. In this case the channel height is 1_m. At this height it is easier for the cells to push over the top, and spread out over the Cytop surface (Bottom image). The height of the cell in this case is just under 2_m. This is lower than for the 20_m channel because the cell has been able to spread over the 1_m wall Fig. 10 . Topographic (Left) and fluorescent (Right) SNOAM images of NMDA receptors on a neuron growing inside a wide channel. In this case the wall angle is much less than 90 O due to multiple recycles. A neurite growing from the Neuron soma can clearly be seen to be growing along the wall. Fluorescence occurs at the soma and at the site of a probable synapse.
